A mathematical model for the process of removal of aerosols from gases in channels filled with packing is considered. Equations for transport of aerosol particles and results of their numerical solution are given. Influence of operating conditions and of design characteristics of the packed apparatus on gas purification efficiency is analyzed.
Introduction
Gaseous environments are often used in chemical and petrochemical industries and power engineering. As a rule, the gaseous environments are of a non-uniform composition and are contaminated by disperse phase admixtures causing problems through exerting negative influence on efficiency of technological processes and the process equipment operation; therefore, they must be removed from gases.
Disperse phase separation efficiency can be determined through using the value of disperse phase content in the gas before the point of entrance into the gas purification apparatus and the value after the point of exit from the apparatus via the following expression:
where C is the particle concentration (kg/m 3 ); Q is the gas flow rate (m 3 /s); subscripts i and f refer to the initial A. G. Laptev et al.
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and final values, respectively. One usually adopts for apparatuses the equality Q i = Q f . As is known, particle deposition in apparatuses can be due to several mechanisms such as gravitational, inertial, turbulent, centrifugal and other mechanisms. Most industrial apparatuses operate through utilizing several of these mechanisms by combining them together. Hence, disperse phase separation efficiency is dependent of many different parameters.
In case of several mechanisms acting simultaneously or in case of purification of gases being carried out in series in back-to-back apparatuses (zones), the overall efficiency is calculated through using the additivity rule in the following manner:
where η k is the separation mechanism due to the k th mechanism in the k th apparatus (zone). In the present, work we use the approach of F. P. Zaostrovsky and K. N. Shabalin developed within the years 1951-1953 and improved further by E. P. Mednikov and other authors [1] - [3] for the case when aerosol deposition was considered as a sub-set of the diffusion process and the equations from the mass transfer theory and the turbulent migration theory were used for determining the aerosol deposition.
Equations Governing Aerosol Transport
Packed gas separators are used for removal of liquid aerosols from gases in cases when there is no solid phase present in the gas. Below is given a mathematical model for the process of removal of liquid aerosol particles from the gas in the apparatus (channel) free from packing and in the apparatus filled with fine random packing.
For evaluating separation efficiency of the packed layer, we will use the equation for convective mass transfer of particles.
Assume that a gas under turbulent conditions containing a finely dispersed phase of concentration C i is fed to the inlet of the packed layer. As the gas flows, the dispersed phase migrates toward the walls of the packing elements by means of various mechanisms.
The following assumptions are adopted for the mathematical model [1] : • The wall material of the packing elements is well wetted by the deposited liquid phase.
• The particle diameter d p is small compared to the scale L of pulsation vortices carrying the particles: d p  L.
• The particle polydispersity is accounted for by considering particles by fractions.
• At C < 0.2 kg/m 3 , the particles do not collide and do not coalesce with each other. Then, a three-dimensional equation governing steady-state transport of aerosol particles in the gas takes the form
where x, y, z are spatial coordinates (m); D d is the turbulent diffusion coefficient for particles (m 2 /s). The Brownian diffusion is neglected here, since it plays only a very small role in turbulent flows. For solving Equation (3), a 3-D velocity field (u x , u y , u z ) and a spatial distribution of the coefficient of turbulent transfer of particles D d (x, y, z) are required. Then, Equation (1) can be solved using the preset concentrations at the boundaries to obtain a spatial distribution of particles along the coordinate axes 0x, 0y, and 0z.
As it was noted in [1] , it is not easy to set values of aerosol concentrations at the walls of packing elements due to some uncertainties. Besides, it must be kept in mind that packing elements are distributed randomly within the gas separator volume. Therefore, below we will use an approach to the simulation that considers transfer of the dispersed phase mass toward the wall (or toward the phase interface) as a volumetric source of mass in the particle transport equation.
The source of mass is presented in the general form as follows
where M is particle flux (kg/s); F is area of contact of gas with the walls of the channel filled with packing (m 2 ); V is working volume of the contact unit (m 3 ); j is the average value of specific particle flux toward the wall at the wall surface (kg/(m 2 s)). In the theory of gas treatment, the specific flux of the dispersed phase mass can be written in the form of an analog of the mass transfer equation as follows: j = u t C ∞ , where C ∞ is the particle concentration in the flow core taken as cross sectional area-average particle concentration (kg/m 3 ); u t is the turbulent migration velocity (m/s). The so-called turbulent particle deposition velocity, u t , characterizes the intensity of particle deposition from the turbulent flow onto the walls, i.e. it represents the quantity of particles (weight or number) being deposited from the stream containing aerosols onto the walls of area 1 m 2 per 1 s divided by a unit particle concentration [1] .
With the assumptions made, Equation (3) for a cylindrical channel filled with packing takes the form:
where r is radial distance from the channel's axis (m); z is vertical coordinate (in the direction of the gas flow) (m).
Turbulent Particle Deposition Velocity
A number of empirical and semi-empirical dependencies can be used for calculation of reduced rate of particle deposition u t + =u t /u * which is related to particle relaxation time
where d p is particle diameter (m); ρ p is density of particle material (kg/m 3 ); ν g is kinematic viscosity of the gas (m 2 /s); μ g is dynamic viscosity of the gas (Pa·s); ρ g is density of the gas (kg/m 3 ). Dimensionless relaxation time is defined as:
where u * is friction velocity on the wall (m/s). Generalized expression for u t takes the form [1]:
where ω E = u * /(0.1R) is angular velocity of energy-intensive pulsations (1/s); R is the channel radius (m). From Equations (7) and (8) it follows that separation rate u t depends to a large extent on friction velocity u * or wall shear stress τ w (u * = (τ w /ρ g ) 0.5 ). The average value of friction velocity on the surfaces of random packing elements can be determined through using the average energy dissipation rate expressed through pressure drop.
Numerous calculations of u * carried out for packed separators agree with accuracy ±18% with the expression [3]:
where the average energy dissipation rate is determined through the pressure drop as follows:
ave ave free free
where V free is free volume of the packed layer (m 3 ); S is cross-sectional area of the packed layer (apparatus) (m 2 ); l is length (height) of the packed layer (m); ε free is specific free volume of the packing, where u ave is average velocity of gas flow in the packing (m/s); u ave = w g /ε free ; w g is gas flow velocity in the channel free from packing (m/s).
Turbulent Diffusion Coefficient for Particles
Turbulent diffusion coefficient for particles can be determined using the following expression [1] :
where ν T is the turbulent viscosity coefficient in a single-phase flow (m 2 /s); For a channel free from packing, the average value of ν T at y > δ can be calculated using the Karman-Prandtl model:
where χ = 0.4 is a turbulence constant; δ is the average thickness of the near-wall layer (m). Turbulent viscosity coefficient in the packed layer is determined using the following semi-empirical expression [4] :
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where Re e is the Reynolds number defined as Re e = u ave d e /ν g ; is the hydraulic resistance coefficient for the packing [3] .
Numerical Results
Results of the numerical solution of Equation (5) by the finite-difference method are shown below. It can be seen from the figure that the increase in the channel length and the Reynolds number leads to an increase in separation efficiency. Apparently, the increase in the particle size and the Reynolds number leads to an increase in separation efficiency.
If the Peclet number Pe e = u ave l/D mix > 10, the model of ideal displacement in the channel can be used, where D mix is mixing coefficient (m 2 /s). The mixing coefficient can be calculated using the following empirical expression [4] . 
As is known, for Pe e > 10, solution to Equation (5) 
Calculations carried out with the use of the above expression agree satisfactorily with experimental data [1]- [6] .
Conclusion
The considered approach to determination of particle concentration profiles in contact devices and to calculation of separation efficiency which is based on the turbulent migration theory allows carrying out calculations with the use of hydraulic resistance of the apparatus. The obtained equations can be used for calculating industrial gas separators present at petrochemical and gas producing enterprises.
